Transcription from the late promoter, PA3, of Bacillus sublilis phage #29 is activated by the viral regulatory protein p4. A kinetic analysis of the activation process has revealed that the role of protein p4 is to stabilize the binding of RNA polymerase to the promoter as a cosed complex without significantly affecting further steps of the initiation process. Electrophoretic band-shift assays performed with a DNAfragment spanning only the protein p4 binding site showed that RNA polymerase could efficiently retard the complex formed by protein p4 bound to the DNA. Similarly, when a DNA fmraent containing only the RNA polymerase-binding region of PA3 was used, p4 greatly stimulated the binng of RNA polymerase to the DNA. These results strongly suggest that p4
In the light of current knowledge of the p4 activation mechanism, we propose that direct contacts between the two proteins participate in the activation process.
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The late genes of Bacillus subtilis phage #29 are clustered in the central part of its linear genome and are transcribed from a single promoter, named PA3, located in close proximity to the divergent main early promoter, PA2b (1) . The late promoter, PA3, is devoid of a -35 consensus sequence for the major B. subtilis vegetative oAr-RNA polymerase and requires the presence of the viral early protein p4 for efficient transcription (2) . Protein p4 is a transcriptional regulator that binds to DNA between positions -56 and -102 relative to the PA3 transcription start site (2) , recognizing an 8-base-pair (bp) inverted repeat that partially overlaps with the -35 region of the early promoter, PA2b (3). This DNA region has an intrinsic curvature that increases considerably when p4 binds to it (refs. 2 and 4; Fig. 1 ). Since the p4 binding site also contains part of PA2b, activation of PA3 is paralleled by repression of PA2b (5) . Binding of p4 and RNA polymerase to PA3 is strongly cooperative (3) , and the activating function requires a precise stereospecific alignment between the two proteins (6) , suggesting that direct contacts between p4 and RNA polymerase are probably required for PA3 activation.
The initiation of transcription is a complex process involving several steps (7) (8) (9) (10) (11) (12) . RNA polymerase (R) initially binds to the promoter (P) as a closed binary complex (RPc). Melting ofthe DNA strands leads to the formation ofan open complex (RPO) which, in the presence of the four NTPs, proceeds to an initial transcribing complex (ITC; ref. 12 ) that can be temporarily engaged in abortive transcription before escaping as a productive elongating complex. The transcription initiation process can be limited at different stages. Several transcriptional activators have been shown to act by favoring one or several of these rate-limiting steps (13) (14) (15) (16) (17) (18) (19) . The molecular mechanisms leading to transcription activation are not fully understood. Direct contacts between the activator FIG. 1. Spatial representation of the PA3 promoter with protein p4 and RNA polymerase (RNP) bound at their respective sites. The inverted repeat recognized by p4 is depicted by thickened base pair lines. The -10 and -35 regions of PA2b and PA3, the positions that become hypersensitive to DNase I cleavage upon binding of protein p4 to DNA (arrows), guanine residues whose methylation interferes with protein p4 binding (enclosed in boxes) and positions that become protected from hydroxyl-radical cleavage by protein p4 (open circles) or by the RNA polymerase in the presence of protein p4 (filled circles) are indicated (2, 4, 5) . The DNase I-hypersensitive sites shown in parentheses disappear upon binding of RNA polymerase (unpublished data). Plus signs within protein p4 illustrate the carboxyl end of the protein, which is proposed to be involved in maintaining part of the protein p4-induced DNA bending (4) . and the RNA polymerase have been proposed to participate in the activation process (3, 6, 18, (20) (21) (22) (23) (24) (25) (26) (27) (28) . At the same time, DNA is thought to play an active role in the initiation mechanism by adopting three-dimensional structures that either directly accelerate one of the steps leading to transcription initiation or facilitate the correct stereospecific alignment of the activator and the RNA polymerase (4, (29) (30) (31) (32) (33) 
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Proc. Nat!. Acad. Sci. USA 89 (1992) Here we show that the protein p4 transcriptional activator increases RP" formation at the phage #29 late PM3 promoter and we present evidence for direct contacts between p4 and the B. subtilis vegetative RNA polymerase.
METHODS
Transcription Assays and Kinetic Analysis. The kinetic parameters of PA3 promoter were obtained from T plots as described (34, 35) , except that the reaction was followed by run-off transcription instead of abortive initiation. The 237-bp-long restriction fragment used as template was obtained from pFRC54 (4) polymerase to the PS fragment. The doublet of faint retarded bands that appear with the PS fragment are probably due to minor contaminants of p4(CA14+2) (ref. 4 and unpublished observations). The positively charged carboxyl end, which is missing in this mutant, has been shown to be involved in maintaining part of the curvature generated by protein p4 in its binding site and is therefore considered to interact with the DNA (4). The results presented above suggest that the carboxyl end ofp4 could also contain residues to interact with the RNA polymerase, which are missing in the deletion mutant. Alternatively, the deletion could alter the folding of this region ofthe protein in such a way that the complexes can no longer be formed. In either case, this result suggests that the slowly migrating complex observed with the wild-type p4 arises from an interaction between the activator and the RNA polymerase, and that the interaction takes place through a defined region of the protein.
To further investigate the specificity of the protein p4-RNA polymerase interaction, we asked whether protein p4 could also form stable complexes with Escherichia coli o70-RNA polymerase, which is equivalent to the B. subtilis o7A-RNA polymerase. To diminish nonspecific binding of E. coli RNA polymerase to the DNA fragments, binding reactions were performed at 250C and gel retardation analysis was carried out at room temperature. Control reactions with B. subtilis RNA polymerase were done in parallel at the same temperature. Binding of p4 to the ASPS and AS fragments was less efficient at 250C (Fig. 4B ) than at 40C (see Fig. 4A ), reflecting a destabilization of the complex. This effect was stronger for the AS fragment than for the ASPS fragment, probably because the DNA downstream from position -56 is missing in the former. This DNA region is expected to interact with protein p4, since a DNase I-hypersensitive site at position -56 is generated upon p4 binding (ref. 2 and Fig.   1 ). B. subtilis RNA polymerase could bind only to the ASPS and the AS fragments, as was the case at 40C, whereas E. coli RNA polymerase was very inefficient in binding any of the tested fragments. Addition of protein p4 specifically stimulated the binding of the B. subtilis RNA polymerase but did not induce the formation of slowly migrating complexes by the E. coli RNA polymerase. These results suggest that the interaction between protein p4 and B. subtilis RNA polymerase occurs through a region of the B. subtilis RNA polymerase that is not conserved in the E. coli RNA polymerase.
The simultaneous presence of p4 and B. subtilis RNA polymerase in the slowly migrating complex detected at 40C with the AS fragment was demonstrated by in situ DNase I footprinting in a gel slice containing this complex, revealing that p4 was correctly bound to its binding site (Fig. 5A) . The pattern of protected and hypersensitive bands obtained was the well-characterized one generated by p4 in the presence of RNA polymerase (Fig. 1) , suggesting that the interactions between p4 and RNA polymerase were being properly held. The presence of RNA polymerase in the complexes formed, both in the absence and in the presence ofp4, was revealed by immunological analysis using antibodies against the oA subunit (Fig. 5B) . The slight difference in the mobility of the complexes obtained probably indicates that the RNA polymerase had been displaced from the early Pmb promoter and suggests that it was binding the AS fragment through protein The effect of protein p4 on the activity of the PA3 promoter in the PS fragment was analyzed by run-offexperiments using various concentrations of template, RNA polymerase, and activator. Protein p4 moderately repressed transcription from PA3 in this template (about 2-fold; Fig. 6 ) suggesting that although p4 was able to help the binding of the RNA polymerase to the PS fragment (Fig. 4) , it hindered the transition from closed to elongation complexes at PA3. This inhibitory effect can be explained by taking into account that, in the PS fragment, p4 is not strongly bound in cis to its recognition site, as in the natural promoter. The putative protein p4-RNA polymerase interactions leading to transcription activation are expected to be easily disrupted when the RNA polymerase leaves the promoter. If p4 is not bound to the DNA, disruption of such interactions might be disfavored, and hence transcription might be inhibited. An observation consistent with our proposal was obtained with the OmpR transcriptional activator, which also stabilizes the binding of the RNA polymerase to the promoter as a closed complex. When the naturally activated weak promoter was artificially replaced by a strong promoter, the positive effect of OmpR turned to inhibitory (13) We are grateful to Dr. L. Rothman-Denes for critical reading ofthe manuscript, to Drs. M. Serrano and J. Ruiz for helpful discussions, to J. M. [izaro for purification ofRNA polymerase, and to L. Villar for technical assistance. This investigation has been aided by Research Grant SRO1 GM27242-13 from the National Institutes of Health, by Grant PB90-0091 from Direcci6n General de Investigaci6n Cientfifca y Tecnica, and by an Institutional Grant from Fundaci6n Ram6n Areces. B.N. and F.R. were holders of pre-and postdoctoral fellowships, respectively, from Ministerio de Educaci6n y Ciencia.
